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Introduction
The discovery by BORODIN (2) in 1883 that the carotenoid pigments could be separated into alcohol soluble and petroleum ether soluble groups has been the basis for all the procedures that have been described for the determination of carotene and other carotenoid pigments. ARNAUD (1) , in 1887, extracted dry plant tissue with petroleum ether and used a colorimetric method for the estimation of the amount of pigment present, a carotene solution being employed as a standard. No attempt was made to separate carotene from other yellow pigments and the purity of the carotene standard was not given. In 1913, MONTEVERDE and LUBIMIENKO (9) reported a spectro-colorimetric method for the estimation of the pigments of green leaves, and in the same year WSILLSTATTER and STOLL (17) presented a method for the determination of carotene and xanthophyll which has served as the starting point for all subsequent modifications. The latter method consists essentially of acetone extraction of plant tissue, saponification of chlorophyll, separation of the carotenoids by means of petroleum ether and aqueous methyl alcohol, and the colorimetric estimation of the pigments. A petroleum ether solution of carotene or an aqueous solution of potassium dichromate served as a colorimetric standard. COWARD (3) , in 1926, modified the procedure by making the first step the decomposition of chlorophyll, which was followed by extraction with petroleum ether and the separation of carotene from xanthophyll by aqueous methyl alcohol. The use of diethyl ether in addition to acetone in the extraction of plant tissue was introduced by SCHERTZ (12) in 1928. In 1923 he described a method (13) for the spectrophotometric estimation of carotene. SPRAGUE and SHIVE (15) , 1929 , employed the method as modified by SCHERTZ (12) , except that they used petroleum ether rather than diethyl ether as a solvent for the carotenoids. These investigators (15) and SPRAGUE and TROXLER (16) developed a color standard of dye solutions for use in colorimetric readings. Pyridine has been employed by SMITH and SMITH (14) for the extraction of small quantities of fresh fruit, the pigments being transferred to petroleum ether. Recently, KUHN and BROCKMANN (6) have described the use of petroleum ether and methyl alcohol in the extraction of plant tissue and the subsequent separation into petroleum ether and aqueous methyl alcohol phases. After these steps, saponification with alkali in the petroleum ether phase is followed by a further partition between petroleum ether and 90 per cent. methanol. The use of suitable absorption agents allows the separation of a and 13 carotene from lycopin in the petroleum ether phase. A solution of azobenzene was used as the colorimetric standard.
The original objective of this investigation was the correlation of the carotene content of plant tissue with vitamin A potency, determined biologically, and with the biological response when isolated carotene was fed. Hence, an accurate method for the determination of carotene which would give consistently reproducible results was necessary. In our hands the method as modified by SPRAGUE and SHIVE (15) and then allowed to stand under the solvent for 48 hours. After decantation through a filter, the residue was washed with several portions of fresh acetone. If the extraction is not complete, as indicated by the removal of all green color from the material, it is necessary to grind the sample further with sand and repeat the extraction. To carry out the remainder of the analysis, the pigments were transferred from acetone to petroleum ether by adding about 400 cc. of the latter solvent to the acetone solution in a separatory funnel. The acetone was then washed out with several 300-to 400-cc. portions of water. Care must be taken in this operation to avoid excess shaking on account of the tendency to form an emulsion.
The present study has been concerned almost entirely with alfalfa and spinach plant tissue, and the methods of extracting the plant pigments just described may not apply equally well to other plant tissues. As noted before, SMITH and SMITH (14) have employed pyridine for the extraction procedure. Preliminary studies in this laboratory show that pyridine removes from dried carrots and yellow corn an additional amount of carotene, even after they have been thoroughly extracted with petroleum ether. The use of pyridine with alfalfa, however, which had already been extracted with petroleum ether, did not reveal the presence of additional carotene; hence in the application of this method to plant tissue other than alfalfa, special attention should be given to the extraction procedure.
SEPARATION OF PIGMENTS
In the case of both dry and fresh samples it is necessary to remove chlorophyll and xanthophyll from the petroleum ether solution. To remove xanthophyll, the solution, having a volume of approximately 400 cc., was shaken in a 1-liter separatory funnel with 50-cc. portions of 89 per cent. methyl alcohol for 2-minute periods. This process was continued until the methyl alcohol layer was only very slightly colored. Usually six extractions were sufficient and at the end of this time only a small amount of xanthophyll still remained in the petroleum ether. However, these last traces of xanthophyll were removed during the process for the removal of chlorophyll. The procedures which involved shaking in a separatory funnel, were facilitated by the use of a shaking m-achine which had been modified so that it would hold four 1-liter funnels in a horizontal position. Figures 1 and 2 provide a description of the machine. The stopcocks of the funnels were lubricated with stopcock grease and, although there was a slow dissolving of it by the petroleum ether, renewal between every two or three analyses prevented any leakage. The glass stoppers were held so firmly by the pressure of the clamps that there was no leakage. To avoid the possibility that they might become stuck, however, they were lubricated with a soft soap, made by warming together 100 parts of Ivory soap, 100 of water, and 15 (4) . However, the error involved in the isolation of carotene is probably as great as that inherent in the colorimetric method, and therefore there seems to be no advantage in the use of the spectrophotometric procedure for which greater accuracy has been claimed (12) . Recently methods have been proposed, such as that by OLTMAN (10) , which involve the measurement of the intensity of transmitted light by means of a photoelectric cell and aim to eliminate the subjective factor inherent in colorimetric readings. To the best of our knowledge, however, methods of this type have not been brought to a wholly satisfactory stage of development.
The reported instability of carotene and the necessity of dissolving it in volatile liquids render it unsuitable as a colorimetric standard. As secondary standards, WILLSTXTTER and STOLL (17) , PALMER (11) , and COWARD (3) have made use of potassium dichromate; whereas SPRAGUE and SHIVE (15) availed themselves of a mixture of the dyes Orange G and Naphthol Yellow. KUHN and BROCKMANN (6) have employed azobenzene. During the early part of this investigation the dye standard described by SPRAGUE and SHIVE was used, but later it became evident that it possessed no advantage over potassium dichromate, and that the latter was preferable because of its greater uniformity of color and stability in solution.
Both the Orange G-Naphthol Yellow and the potassium dichromate solutions were evaluated against standard carotene solutions. Crystals of the pigment were isolated from dried alfalfa and dried carrots by a process which is the same in principle as the analytical procedure for dried plant tissue described in detail in previous sections. (6) have reported that in concentrations of the order of 0.00235 mg. per cc., the a and ,3 forms appear to be equal; but that in higher concentrations there is a difference expressed by the proportion a carotene: f3 carotene:: 1.0: 1.2. The concentration at which they are equivalent is of the same order of magnitude as that employed throughout the present investigation, the 0.036 per cent. potassium dichromate standard solution being equivalent to 0.00208 mg. of carotene per cc. Earlier workers used standards which had a carotene value several times as high as that just described. Thus WILLSTXTTER and STOLL (17) and CO'WARD (3) employed a 0.2 per cent. potassium dichromate solution.
In the use of a colorimetric standard, it is necessary to determine any deviation from Beer's law for a given concentration of standard and type of colorimeter. PALMER (11) has plotted the data obtained by WILL-STATTER and STOLL when a Wolff colorimeter was used, and notes that a Dubosq or Kober colorimeter should serve as well. COWARD (3) has prepared a curve for the use of carotene solutions with the Hellige colorimeter.
Of several types of colorimeters available, the Buerker was found to be the most satisfactory, probably because it compensates for the use of different solvents in the standard and in the unknown.
To determine the relationship between observed and calculated values over a range of 5 to 20 mm. when the Buerker colorimeter was used, a series of solutions of known concentrations were prepared from alfalfa carotene and from lot 2 of carrot carotene. The solutions were related as 1.5x, x, 0.77x, and 0.57x in the alfalfa carotene series and in the carrot carotene series the relationship was 2x, x, 0.65x, and 0.5x. In the case of each series, concentration x was selected so as to match the standards as nearly as possible at equal depths, that is at 10 units on the scale. The various concentrations of carotene were read in the colorimeter against the secondary standards set at the fixed depth of 10 mm. In table II the observed and calculated colorimeter readings are shown. The latter were calculated upon the assumption that there was no deviation from Beer's law.
Although the differences between the observed and calculated values in table II in most instances fall within the error of colorimetric observation, yet they increase and are positive in character, as the colorimeter reading becomes greater, indicating a deviation from Beer's law. These results and experience with the method in this laboratory lead to the recommendation that readings with the Buerker colorimeter should be made between 7 mm. and 14 mm., with the standard set at 10 mm.
The volatility of the low-boiling petroleum ether used necessitated special precautions in the preparation of solutions of known concentration.
To avoid errors from the evaporation incident to pouring, dilution of the most concentrated solution of each series was carried out by measuring the required amounts from a 100-cc. burette into 100-cc. volumetric flasks. The burette was filled from the bottom by suction rather than by pouring, and tilting or agitation of the bottle of concentrated solution was avoided as much as possible. After the preparation of each dilution, the solution remaining in the burette was read colorimetrically and was found not to have undergone any change in concentration. The transfer of the various solutions to the colorimeter cup was made by pipetting rather than by pouring.
As has already been stated, the dye standard of SPRAGUE and SHIVE (15) reproducible results can be obtained with the method described. The material was stored at 00 ± 50. Summary 1. The method originally described by WILLSTXTTER and STOLL, and since modified by others, has been examined critically and revised so as to permit a more complete separation of carotene from other plant pigments.
2. A potassium dichromate solution, of lower color value than that employed by previous investigators, has been evaluated against carotene preparations of known purity and can be used when either the a or J3 or both forms of carotene are present. (See addendum.) 3. The revised method permits a recovery of 95 to 97 per cent. of added carotene.
Addendum.-After this paper was accepted for publication, spectral methods for the determination of a and f3 carotene were brought to a successful completion by DR. E. S. MILLER, National Research Council Fellow, Department of Chemistry, University of Chicago. (Plant Physiol. 9: 681. 1934.) Also the development of more refined procedures made possible a supply of a and ,B carotene. A small quantity of each of these isomers was purchased from the S.M.A. Corporation, Cleveland, Ohio, and portions of the same lot of each were sent to DR. E. S.
MILLER and to his laboratory. MILLER determined the purity of the two isomers and found it to be 97 per cent. in each case. The colorimetric value of the potassium dichromate standard was evaluated against each of the isomers in this laboratory. 
